Human cytomegalovirus (HCMV) latency is an active process which remodels the latently infected 13 cell to optimise latent carriage and reactivation. This is achieved, in part, through the expression of 14 viral genes, including the G-protein coupled receptor US28. Here, we use an unbiased proteomic 15 screen to assess changes in host proteins induced by US28, revealing that interferon-inducible genes 16 are downregulated by US28. We validate that MHC Class II and two PYHIN proteins, MNDA and 17 IFI16, are downregulated during experimental latency in primary human CD14 + monocytes. We find 18 that IFI16 is targeted rapidly during the establishment of latency in a US28-dependent manner, but 19 only in undifferentiated myeloid cells, a natural site of latent carriage. Finally, by overexpressing 20 IFI16, we show that IFI16 can activate the viral major immediate early promoter and immediate early 21 2 gene expression during latency via NF-κB, a function which explains why downregulation of IFI16 22 during latency is advantageous for the virus. 23 Importance 24 Human cytomegalovirus (HCMV) is a ubiquitous herpesvirus which infects 50-100% of humans 25 worldwide. HCMV causes a lifelong subclinical infection in immunocompetent individuals, but is a 26 serious cause of mortality and morbidity in the immunocompromised and in neonates. In particular, 27 reactivation of HCMV in the transplant setting is a major cause of transplant failure and related 28 disease. Therefore, a molecular understanding of HCMV latency and reactivation could provide 29 insights into potential ways to target the latent viral reservoir in at-risk patient populations. 30 31 both host and viral factors 18 . One viral factor that suppresses MIEP activity is the G-protein coupled 46 receptor (GPCR) US28, a virally encoded chemokine receptor homologue, which is expressed de 47 novo during latency as well as being delivered to cells with the incoming virion 19-24 and this 48 incoming viral US28 is functional 25 . US28 modulates the signalling pathways of early myeloid cells; it 49 attenuates MAP kinases, NF-κB, and c-fos, whilst activating STAT3 and iNOS 21,23,25 . All of these 50 contribute to the repression of MIEP activity. This US28-mediated signalling is so critical to latency 51 that US28-deleted viruses, or the loss of G-protein coupling by the US28 mutant R129A, result in lytic 52 infection of undifferentiated myeloid cells 19,21,23,25 . Furthermore, when examined, these US28-53 mediated effects on cell signalling did not occur during lytic infection or in permissive cells 21 , 54 implying that US28 represses the MIEP during latency but does not impair reactivation following 55 cellular differentiation. This is reflective of the cell type-specific nature of US28-mediated signalling 56 21,26 . 57
Introduction

32
Lifelong persistence of Human cytomegalovirus (HCMV) is underpinned by viral latency and 33 reactivation. Following primary infection, the ubiquitous betaherpesvirus HCMV establishes latency 34 in cell types including early myeloid lineage cells [1] [2] [3] [4] . Viral genome is maintained in these cells in the 35 relative absence of immediate early (IE) gene expression or production of infectious virions. 36
Reactivation of HCMV is associated with differentiation of myeloid lineage cells to mature dendritic 37 cells and macrophages; as such, reactivation events are thought to occur sporadically throughout 38 the lifetime of the host 5-8 . In immunocompetent individuals, both primary infection and reactivation 39 events are well-controlled by a broad and robust immune response 9 . However, HCMV reactivation is 40 a major cause of morbidity and mortality in immunocompromised patients, including stem cell and 41 organ transplant recipients 10,11 . 42 A key hallmark of latency is the relative suppression of IE gene expression 1, 2, [12] [13] [14] , which is controlled 43 by the major immediate early promoter [15] [16] [17] , and the subsequent lack of infectious virion 44 production. The establishment of latency via MIEP repression in early myeloid lineage cells requires 45 Primary CD14 + monocytes were isolated from apheresis cones (NHS Blood & Transplant Service) or 95 from peripheral blood taken from healthy volunteers as previously described 43 . Briefly, CD14 + 96 monocytes were isolated from total PBMC by magnetic-activated cell sorting (MACS) using CD14 + 97 microbeads (Miltenyi Biotech) . The monocytes were plated on tissue culture dishes (Corning) or 98 slides (Ibidi), or kept in suspension in X-Vivo 15 media (Lonza) supplemented with 2 mM L-glutamine. 99
Mature dendritic cells were generated by treating CD14 + monocytes with granulocyte-macrophage 100 colony-stimulating factor (GM-CSF, Miltenyi, 1000U/mL) and interleukin-4 (IL-4, Miltenyi, 1000U/mL) 101 for 5 days before addition of lipopolysaccharide (LPS, Invivogen, 50 ng/mL) for 2 further days. 102
Primary human CD34 + hematopoietic progenitor cells, isolated from adult bone marrow, were 103 purchased from STEMCELL Technologies and cultured in X-Vivo 15 media (Lonza) . 104
Generation of lentiviruses and retroviruses 105
The lentiviral vectors encoding US28 from the VHL/E strain of HCMV have been described previously 106 21 ; US28 is expressed in these vectors via the SFFV promoter. The lentiviral vectors pHRSIN UbEm 107 and pHRsin SV40blast were a kind gift from D. van den Boomen, University of Cambridge, and were 108 based upon a previously published lentiviral system 44, 45 . Briefly, expression of the gene of interest is 109 also driven by the Spleen Focus-Forming Virus (SFFV) promoter, and the selectable markers Emerald 110 and blasticidin resistance are driven by the Ubiquitin promoter (UbEm) and the SV40 promoter 111 (SV40blast), respectively. The sequence encoding US28 from the VHL/E strain of HCMV was cloned 112 into pHRSIN UbEm using the EcoR1 and Spe1 sites using the following primers: US28 FW 5' 113 GCACGAATTCCATATGACGCCGACGACGAC AND RV 5' CTGCACTAGTTTACGGTATAATTTGTGAGAC. The 114 sequence encoding IFI16 was cloned into pHRsin SV40blast using the BamHI and NotI sites using the 115 following primers: IFI16 FW 5' GATTGCGGCCGCATGGGAAAAAAATACAAGAACATTGTTC and RV 5' 116 GATCGGATCCTTAGAAGAAAAAGTCTGGTGAAGTTTC. 117 The sequence encoding US28-3XFLAG was cloned from TB40/EmCherry-US28-3XFLAG into the 118 retroviral plasmid pBABE eGFP (a gift from Debu Chakravarti (Addgene plasmid #36999)) as 119 described previously 25 . The Q5 site directed mutagenesis kit (New England Biotech) was used to 120 generate the US28-R129A mutant of this vector, which was verified by Sanger Sequencing. 121 Expression of US28 in these vectors is driven by the long terminal repeat and partial gag. filtered through a 0.45 µm syringe filter, and used to transduce THP-1 cells in the presence of 2 133 μg/mL polybrene. When necessary, lentiviral titres were determined by in-house p24 enzyme-linked 134 immunosorbent assay (ELISA). For transduction with puromycin-resistance vectors, puromycin (2 135 μg/mL, Sigma) was added to media and refreshed every 2-5 days until all control non-transduced 136 THP-1 cells were dead. Similarly, where blasticidin-resistance vectors were used, blasticidin (1 137 μg/mL, Invivogen) was added to media. Emerald positive cells were sorted using a BD FACSAriaIII 138
instrument. 139
Human cytomegaloviruses 140 Infection of monocytes and THP-1 cells were carried out at a multiplicity of infection (MOI) of 3 as 141 determined by titration on RPE-1 cells. TB40/E BAC4 strains were propagated in RPE-1 cells by 142 seeding 50% confluent T175 flasks with virus at an MOI of 0.1. Spread of virus was monitored for 2-6 143 weeks following inoculation by fluorescence microscopy, and infected monolayers were subcultured 144 twice during this period. When cells were 95-100% infected, supernatants were harvested on three 145 occasions spaced over 7 days and stored at -80°C. In the final harvest, the monolayer was scraped 146 and also stored at -80°C. After thawing the virus-containing media, cell debris was pelleted by 147 centrifugation at 1500 x g for 20 minutes at RT. Then, the clarified supernatant was concentrated by 148 high speed centrifugation at 14500 x g for 2 hours at 18°C. Virus-containing pellets were then 149 resuspended in X-vivo-15 media in aliquots at -80°C. 150 TB40/EmCherry-US28-3XFLAG and TB40/EmCherry-US28Δ have been described previously 19 imaged with a widefield Nikon TE200 microscope and images were processed using ImageJ. For 168 contingency analyses of IFI16 expression during experimental latency, cells were assigned as 'IFI16 169 positive/negative', and 'infected/uninfected' and then counted. These results were then analysed 170 using Fischer's Exact statistical test for significance. For analysis of signal intensity, nuclear stained 171 images were used to create a mask from which intensity values of the corresponding IFI16/MNDA 172 stained image were derived using the Analyze Particles feature of ImageJ. Cells were assigned as 173 infected or uninfected based on signal from the GFP/mCherry stain. The average signal intensity of 174 uninfected cells was used to normalise the signal intensity in order to compare different fields of 175
view. 176
Inhibitors 177
The c-fos inhibitor T5524 was purchased from Cayman Chemical, solubilised in DMSO and used at 10 178 μM. The Janus kinase inhibitor Ruxolitinib was purchased from Cell Guidance Systems, solubilised in 179 DMSO and used at 5 μM. The IKKα inhibitor/NF-κB pathway inhibitor BAY11-7082 was purchased 180 from Santa Cruz, solubilised in DMSO, and used at a concentration of 5 μM. 181
Western blotting
182 Except for US28 blots, cells were lysed directly in Laemmli Buffer and separated by Following transfer to nitrocellulose, the membrane was blocked in 5% milk in tris buffered saline 184 (TBS) with 0.1% Tween-20. Antibodies used: anti-IFI16 (Santa Cruz sc-8023, 1:500), anti-MNDA (Cell 185
Signaling Technology 3329, 1:250), anti-STAT1 (Cell Signaling Technology 14994, 1:1000), anti-186 phosphoSTAT1 Tyr701 (Cell Signaling Technology 9167, 1:1000, anti-beta actin (Abcam ab6276, 187 1:5000). For US28 blots, cells were pelleted, washed once in ice cold PBS, then lysed in native lysis 188 buffer (25 mM Tris HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP40, 5% glycerol, plus protease 189 inhibitors) for 30 minutes, vortexing every 10 minutes. After the addition of non-reducing Laemmli 190 buffer, samples were heated at 42°C for 10 minutes and then separated by SDS-PAGE. Polyvinylidene 191 difluoride membranes were used for transfer, and blocked membranes were incubated with the 192 rabbit anti-US28 antibody 53 (a gift from M. Smit, Vrije University) at 1:1000 dilution. To quantify 193 western blots, the Analyze Gels feature of Image J was used to plot the band intensities. Signal for 194 genes of interest were then normalised to US28-R129A cells and then normalised to either the 195 relative amounts of actin or STAT1, as described in the figure legends. 196 Flow cytometry 197 Transduced THP-1 cells and MIEP-reporter THP-1 cells were analysed on a BD Accuri Instrument. Live 198 cells were gated using forward and side scatter. Paraformaldehyde-fixed cells were stained using 199 anti-HLA-DR APC conjugate (Biolegend, Clone L243, 1:50). Latently infected CD14 + monocytes were 200 fixed with 1% paraformaldehyde and stained using anti-HLA-DR Pacific blue conjugate (Biolegend, 201 Clone L243, 1:50) and anti-HLA-A,B,C, PE-Cy7 conjugate (Biolegend, Clone W6/32, 1:50), before 202 analysis on the Nxt Attune Instrument (Thermo Fisher). 203 A/10%C and C was maintained at 10% throughout the gradient elution. Separations were carried out 251 at 45°C. After loading at 200 µL/min for 5 min and ramping the flow rate to 400 µL/min over 5 min, 252 the gradient elution proceeded as follows: 0-19% B over 10 minutes (curve 3), 19-34% B over 253 14.25mins (curve 5), 34-50% B over 8.75mins (curve 5), followed by a 10 min wash at 90% B. UV 254 absorbance was monitored at 280 nm and 15 s fractions were collected into 96 well microplates 255 using the integrated fraction collector. Peptide containing fractions were then orthogonally 256 recombined into 24 fractions and dried in a vacuum centrifuge and resuspended in 10 µL 5% DMSO 257 0.5% TFA for analysis. 258
RNA extraction, reverse transcription and quantitative PCR
LC-MS analysis 259
All samples were injected onto an Ultimate 3000 RSLC nano UHPLC equipped with a 300 µm i.d. x 5 260 mm Acclaim PepMap µ-Precolumn (Thermo Fisher Scientific) and a 75 µm i.d. x50c m 2.1 µm particle 261 Acclaim PepMap RSLC analytical column. Loading solvent was 0.1% TFA, analytical solvent A: 0.1% FA 262 and B: ACN+0.1% FA. All separations are carried out at 55°C. Samples were loaded at 10 µL/min for 5 263 min in loading solvent before beginning the analytical gradient. For high pH reverse phase (RP) 264 fractions, a gradient of 3-5.6% B over 4 min, 5.6 -32% B over 162 min, followed by a 5 min wash at 265 80% B and a 5 min wash at 90% B and equilibration at 3% B for 5 min. During the gradient the 266
Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) was set to acquire spectra according 267 to the settings given in supplementary file S6 "MS Settings". 268 Search results were further processed and filtered as follows: Peptides below a percolator FDR of 276 0.01% and proteins below the 0.01% protein FDR (calculated from a built-in decoy database search) 277 were rejected. Protein groups were then generated using the strict parsimony principle. Peptides 278 both unique and razor with a co-isolation threshold of 50 and an average signal-to-noise (s/n) 279 threshold of 10 were used for quantification and a normalisation of these values to the total peptide 280 amount in each channel was applied. Instances where a protein was identified but not quantified in 281 all channels were rejected from further analysis. "Scaled" abundances of proteins provided by 282 Proteome Discoverer were used to derive ratios of abundance. Q values of significance between 283 groups were calculated by Benjamini-Hochberg correction of p values generated using the 284 moderated T-test LIMMA within the R environment. 285
Results
286
Proteomic analysis reveals US28-induced changes in host proteins in myeloid cells 287 US28-mediated signalling is critical to latency: US28-deleted viruses, or the loss of G-protein 288 coupling by the US28 mutant R129A, result in lytic infection of undifferentiated myeloid cells 289 19, 21, 23, 25 . Similarly, infection of US28-WT-expressing THP-1 cells with US28-deletion viruses leads to 290 complementation and the establishment of latency; both the US28-R129A and empty vector cell 291 lines fail to establish latent infection under these conditions 21 . Therefore, to understand how US28-292 WT alters the host cell environment to support latency, we analysed the total proteomes of 293 myelomonocytic THP-1 cell lines which express either US28-WT (sequence derived from the VHL/E 294 strain of HCMV), signalling mutant US28-R129A, or the empty vector (EV) control (Figures 1A, 1B, 1C, 295 File S5). 296
By using these three cell lines, we were able to identify host cell proteins modulated by US28 297 expression in a G-protein signalling dependent and independent manner. Changes in host protein 298 abundance common between US28-WT and US28-R129A when compared to empty vector (Figure 299 1B and 1C) represent signalling independent changes, and these include CD44 and CD82 proteins, 300 which are each downregulated by both sets of US28-expressing cells. 301
While we do not rule out that signalling independent changes in myeloid cells driven by US28 may 302 be important for HCMV latency, G-protein dependent signalling is absolutely required for latency, 303 and therefore we were particularly interested in the direct comparison of host protein abundances 304 in THP-1 cells expressing US28-WT and US28-R129A ( Figure 1A ). This comparison reveals 42 host 305 proteins whose expression is two-fold or more increased or decreased by US28-WT, and our 306 analyses focussed on these signalling-dependent changes. 307
One remarkable feature of many of the most downregulated proteins in Figure 1A is that they are 308 interferon-inducible ( Figure 1D , Figure S1A ). According to the Interferome database (v2.01, 309 www.interferome.org) 56 , two-thirds (27/40) of the most downregulated proteins (fold change 1.86-310 fold or higher) we identified are Type I or Type II interferon-inducible ( Figure 1D ). In contrast, of the 311 40 proteins which showed no changes (fold change = 0) in abundance between US28-WT and US28-312 R129A, 12/40 (30%) were included in the Interferome database (File S5) . Importantly, 313 overexpression of the multipass membrane US28 proteins did not lead to induction of the unfolded 314 protein response or other endoplasmic stress related genes ( Figure S1B ), suggesting that the 315 changes identified in the screen are not general effects of protein overexpression. 316
Since STAT1 phosphorylation is common to both the Type I and Type II interferon signalling 317 pathways 57 , we examined total STAT1 and phosphorylated STAT1 in US28-WT cells. We found that 318 US28-WT cells had lower overall levels of STAT1 and phosphorylated STAT1 compared to cells 319 transduced with US28-R129A or empty vector control ( Figure 1E and 1F ). Furthermore, when 320 correcting for total levels of STAT1, we found that US28-WT cells had lower relative levels of 321 phosphorylated STAT1 compared with US28-R129A ( Figure 1E and 1G ). This could help explain why 322 US28-WT downregulated many interferon-inducible genes in our proteomic screen. 323 IFI16, MNDA, and HLA-DR are all downregulated by US28 peptides; between 1.9 and 2.2-fold downregulated compared to US28-R129A). We began by 329 confirming US28-WT-mediated downregulation of these proteins in independently-transduced 330 US28-expressing THP-1 cells. After generating these fresh US28-expressing cell lines, we checked 331 expression levels of US28-WT or US28-R129A by RT-qPCR ( Figure S2A ) and Western blot (Figure S2B 332 and S2C). RT-qPCR confirmed that IFI16, MNDA, and HLA-DRA transcripts are all downregulated in 333 US28-WT-expressing cells compared to those expressing the signalling mutant R129A (Figure 2A) . 334
Subsequently, we confirmed this US28-WT mediated downregulation of IFI16 and MNDA at the 335 protein level by western blot ( Figure 2B , 2C, S2D, S2E, S2F) or by flow cytometry for cell surface HLA-336 DR ( Figure 2F and 2G), although both US28-WT and US28-R129A cells responded similarly to IFN-γ 337 stimulation, by upregulating HLA-DR similar levels ( Figure 2F ). This suggests that, whilst US28 is able 338 to downregulate constitutive HLA-DR expression, it is unable to prevent its induction by Furthermore, this downregulation was not due to strain-specific effects of US28 as US28-WT also 340 downregulated HLA-DR when the US28 sequence from the TB40/E strain of HCMV was used to 341 transduce THP-1 cells . 342
Since US28 attenuates c-fos signalling 25 and STAT1 phosphorylation ( Figure 1E , 1F, 1G), and both 343 HLA-DR and IFI16 are fos and STAT1-responsive genes 58-62 , we hypothesised that one or both of 344 these mechanisms is responsible for US28-mediated downregulation of IFI16 and HLA-DR. To test 345 this, we treated empty vector, US28-WT, and US28-R129A expressing THP-1 cells with the Janus 346 Kinase inhibitor Ruxolitinib, or the c-fos inhibitor T-5224. Ruxolitinib partially downregulated IFI16 347 expression in all three cell types ( Figure 2D ), but downregulated HLA-DR only in the US28-R129A cell 348 line ( Figure 2H ), despite a complete block in STAT1 phosphorylation ( Figure S2G ). The c-fos inhibitor 349 reduced IFI16 and HLA-DR expression in comparison with DMSO controls in empty vector and R129A 350 cell lines, and in the case of empty vector, this drop in expression was almost down to the level in 351 untreated US28-WT cells (Figure 2E and 2H) . Taken together, we think it likely that both c-fos and 352 STAT1 attenuation are important for US28-mediated downregulation of IFI16 and HLA-DR. 353
Interestingly, the c-fos inhibitor actually increased IFI16 expression in US28-WT expressing cells. We 354 think this could be due to a basal level of c-fos being required for the expression of a host gene, as 355 yet unidentified, that is need by US28-WT to attenuate multiple signalling pathways; one candidate 356 gene for this is the AP-1 inducible phosphatase DUSP1 63 which will require further investigation. 357
Latent infection of monocytes is associated with the downregulation of IFI16, MNDA, 358 and HLA-DR
359
Having confirmed key observations from our proteomic data in transduced THP-1 cells 360 overexpressing US28 in isolation, we then sought to determine whether IFI16, MNDA, and HLA-DR 361 are also downregulated in an experimental model of latency in ex vivo primary CD14 + monocytes 362 where latency-associated expression of US28 is well established. To do this, we infected CD14 + 363 monocytes with TB40/E-BAC4 strains of HCMV engineered to express either GFP or mCherry as 364 markers for latent or lytic infection. Firstly, we analysed CD14 + monocytes infected with TB40/E SV40 365 mCherry/IE2-2A-GFP. This virus drives constitutive mCherry expression in all infected cells via the 366 SV40 promoter, but GFP expression is restricted to lytically infected cells as a result of IE2 367 expression, which is linked to GFP by the self-cleaving peptide 2A. Therefore, we were able to 368 distinguish IE2-positive (lytic) from IE2-negative cells (one hallmark of latency) amongst infected, 369 mCherry positive cells. At four days post infection (d.p.i.), we fixed and immunostained the 370 monocytes for our cellular proteins of interest in mCherry positive, IE2-2A-GFP negative cells (Figure 371 3A). As a control, we also differentiated monocytes with phorbol 12-myristate 12-acetate (PMA), 372 which drives IE2-2A-GFP expression through differentiation-dependent reactivation. We found that 373 IFI16, MNDA, and HLA-DR were all downregulated in latently infected, mCherry positive but IE2-374 negative, CD14 + monocytes. Importantly, this comparison held true when comparing infected 375 monocytes with uninfected monocytes that had not had contact with viral particles (Figure 3A, S4A) . 376
We then sought to look at expression of these proteins at earlier time points. US28 is a virion-377 associated protein 19 , and incoming US28 is reported to have rapid effects on host cells 25 . We 378 speculated that the downregulation of IFI16, MNDA, and HLA-DR might occur early during the 379 establishment of latency. For these experiments, we used TB40/Egfp which marks infected cells with 380 GFP expression via the SV40 promoter and confirmed the establishment of latency in this system by 381 coculture of monocytes with fibroblasts either with or without PMA-induced reactivation (Figure 382 3B). In our latency system, we found a stark and specific loss of IFI16 in infected monocytes from 24 383 hours post infection (h.p.i.) ( Figure 3C ), a phenotype maintained at 48 and 72 h.p.i ( Figure 3C ) as 384 measured by immunofluorescence. We quantified these observations in several fields of view for 385 each of these three time points, and performed contingency analyses (Fisher's Exact), which 386 confirmed specific loss of IFI16 in latently infected cells ( Figure 3D ). Loss of IFI16 was observed in ex 387 vivo infected monocytes at these time points in a total of four separate donors with TB40/Egfp virus. 388
We found a partial downregulation of MNDA by 72 h.p.i ( Figure 3E and 3F) , with a very small 389 downregulation at 48 h.p.i and no effect at 24 h.p.i, suggesting that modulation of MNDA is delayed 390 compared with fellow PYHIN family member, IFI16. We also observed that HLA-DR, but not 391 corresponding MHC Class I HLA-A,B,C, were downregulated at 72 h.p.i specifically in GFP positive, 392 latently infected monocytes ( Figure 3G and 3H) .Therefore, IFI16, MNDA, and HLA-DR are indeed 393 downregulated at early times during the establishment of latency, with IFI16 showing 394 downregulation within 24 hours of infection. 395
The downregulation of IFI16 is dependent on viral US28
396
Having confirmed that IFI16 is downregulated very early during latent infection of monocytes, we 397 then sought to establish whether this effect is dependent on US28. We predicted this would be the 398 case because of the results of our US28 proteomic screen and the established functionality of 399 incoming virion-associated US28 25 . We infected monocytes with either the US28 400 WTTB40/EmCherry-US28-3XFLAG HCMV (US38-3XF), or the corresponding US28 deletion virus 401 TB40/EmCherry-US28Δ (ΔUS28). These viruses establish latent and lytic infections, respectively, in 402 CD34 + progenitor cells, Kasumi-3 cells, and THP-1 cells 19,25 , and we confirmed these phenotypes are 403 also maintained in primary CD14 + monocytes by supernatant transfer to permissive fibroblasts 404 ( Figure 4A ). We were also able to detect US28 protein during the establishment of latency in 405 monocytes by immunostaining for the FLAG epitope tag on the C terminus of US28 ( Figure 4B ). 406
To determine if US28 specifically downregulates IFI16 in the context of infection, we compared the 407 expression of this cellular protein in monocytes infected with US28-3XF or ΔUS28. Consistent with 408 Figure 3B , we found that monocytes infected with the US28-3xF virus showed downregulation of 409 IFI16 at 24 and 48 h.p.i., while monocytes infected with ΔUS28 displayed robust IFI16 expression at 410 24 h.p.i. (Figure 4C and 4D) and only partial downregulation at 48 h.p.i ( Figure 4C and 4E) . These 411 data demonstrate that the early downregulation of IFI16 in CD14 + monocytes is dependent on US28. 412 IFI16 is downregulated by US28 only in undifferentiated myeloid cells 413 We previously showed that US28 modulates cellular signalling pathways in undifferentiated, but not 414 differentiated THP-1 cells 21 . We were therefore curious as to whether the effects on IFI16 415 expression were dependent on cellular differentiation status. This is significant because 416 differentiated THP-1 cells and mature dendritic cells are permissive for HCMV lytic infection. To 417 analyse whether these effects are differentiation-dependent, we transduced THP-1 cells with a 418 lentiviral vector that co-expresses US28 and the fluorescent protein Emerald (US28-UbEm), or co-419 expresses eGFP and Emerald (empty UbEm), as a control. For each population, we sorted the 420 Emerald-positive THP-1 cells by FACS ( Figure S4B ) and validated US28 expression by RT-qPCR (Figure 421 S4C). We treated half of these cells with PMA in order to induce cellular differentiation. We found 422 that undifferentiated US28-expressing THP-1 cells downregulated IFI16, but PMA-differentiated cells 423 did not downregulate IFI16 ( Figure 5A ), suggesting only latency-associated expression of US28 424 attenuates IFI16 expression. 425
We also analysed the effect of cellular differentiation on IFI16 expression following infection in 426 mature dendritic cells derived by treating ex vivo CD14 + monocytes with GM-CSF/IL-4/LPS. Again, we 427 found that undifferentiated infected CD14 + monocytes downregulate IFI16 in a US28-dependent 428 manner at 48 h.p.i, while infected mature dendritic cells do not downregulate IFI16 with WT or 429 ΔUS28 HCMV ( Figure 5B ). Taken together, our results indicate that US28 rapidly downregulates IFI16 430 during latent infection of monocytes, but not during lytic infection of mature dendritic cells. 431
Low levels of IFI16 are maintained during long term latency in monocytes and CD34 + 432 progenitor cells 433 We next assessed whether downregulation of IFI16 and MNDA occurs during long term maintenance 434 of latency; long term downregulation of HLA-DR is already known to be important for latent carriage 435 of HCMV 41 . We infected monocytes with HCMV that drives mCherry from GATA2 promoter, and 436 maintains this marker for far longer during latency than SV40 promoter-driven tags 51 . At 10 and 14 437 d.p.i., IFI16 remained absent and MNDA remained partially downregulated in infected cells (Figure 438 5C). We then repeated this analysis in primary CD34 + hematopoietic progenitor cells (HPCs), a site of 439 long-term in vivo latent carriage, as well as the Kasumi-3 cell line, an experimental model for HCMV 440 latency 64 . Consistent with our observations in monocytes, and RNAseq experiments in cord blood 441 derived CD34 + cells 65 , IFI16 levels were low or absent in almost all infected cells imaged at 4 and 10 442 days post infection ( Figure 5D and 5E). Thus, it seems likely that downregulation of IFI16 is a 443 conserved process in cellular sites of HCMV latency. 444
IFI16 activates IE gene expression via NF-κB in myeloid cells
445
Having established that US28 downregulates IFI16 early during the establishment of latency, we 446 wanted to address why this may be beneficial to the virus for latent infection. One function of IFI16 447 is the sensing of viral DNA and subsequent induction of Type I interferon or interleukin-1-beta 27,65. 448
While we do not currently rule out a potential role for IFI16-mediated sensing of HCMV during 449 latency, we were more struck by the previous work identifying IFI16 as a modulator of host and viral 450 transcription [32] [33] [34] 36, 37, [66] [67] [68] [69] [70] [71] . In particular, IFI16 is capable of activating the MIEP and driving IE gene 451 expression within the first 6 hours of lytic infection of fibroblasts 32,34 , though at later times IFI16 452 blocks early and late gene expression 34, 37 . Given that a hallmark of HCMV latency is the suppression 453 of IE gene expression 72 , we hypothesised that high levels of IFI16 might drive MIEP activity and IE 454 gene expression in undifferentiated myeloid lineage cells. To address this, we transduced and 455 selected THP-1 cells with control empty vector (EV) or IFI16-overexpression lentiviruses to generate 456 control and IFI16-overexpressing cell lines. We validated IFI16 overexpression by western blot 457 ( Figure 6A ) and then infected these cell lines with recombinant HCMV carrying an IE2-YFP cassette to 458 allow us to identify cells that express IE2 50 . Undifferentiated THP-1 cells are an established model for 459 a number of aspects of HCMV latency 73 , including the significant repression of IE2 expression 73 . 460
When we infected control and IFI16-overexpressing THP-1 cells with HCMV in five paired 461 experiments, we found a consistent increase in the number of IE positive cells in IFI16-462 overexpressing THP-1 cells ( Figure 6B and 6C ), suggesting IFI16 overexpression drives IE protein 463 production in cells that would otherwise repress this viral protein. 464
Prior work has identified that IFI16 could activate IE gene expression in a UL83-dependent manner 465 during lytic infection 32,37 , but since this tegument protein does not enter the nucleus in the CD34 + 466 progenitor cell model of HCMV latency 74 , we hypothesised that IFI16 could activate the MIEP 467 without additional virion components. To test this hypothesis, we utilized a THP-1 MIEP reporter 468 system; THP-1 cells in which an integrated 1151 bp region of the MIEP drives the expression of eGFP 469 42 . In these undifferentiated THP-1 cells, the MIEP is epigenetically repressed unless stimulated (for 470 example by differentiation) 42 . We treated these MIEP-eGFP THP-1 cells with control lentiviruses or 471 lentiviruses which drive the overexpression of IFI16, ensuring equivalent lentivirus infection of 472 reporter cells by p24 ELISA. These cultures were maintained for two weeks, after which we validated 473 IFI16 expression by immunofluorescence ( Figure 6D ) and then analysed eGFP expression by flow 474 cytometry ( Figure 6E ). We found that the IFI16-overexpressing cells had increased eGFP expression 475 compared with controls ( Figure 6D and 6E ), suggesting that IFI16 overexpressed in isolation and in 476 the absence of additional HCMV components, drives MIEP activity. Furthermore, culturing THP-1 477 MIEP-eGFP reporter cells with supernatants from the empty vector or IFI16-overexpressing cell lines 478 in Figure 6A resulted in no significant MIEP activity, suggesting that the effect is mediated 479 intracellularly, and not by a secreted factor ( Figure 6E) . 480 IFI16 activates NF-κB signalling in a number of contexts 66, 75 , and our previous work indicates that 481 US28-mediated attenuation of NF-κB signalling is important for the establishment of latency 21 . 482 Therefore, we hypothesised that IFI16 activates the MIEP via NF-κB. We found increased nuclear NF-483 κB localisation in IFI16 overexpressing cells ( Figure 6F) , and by using the NF-κB pathway inhibitor, 484 BAY11-7082 , we were able to ameliorate the effect of IFI16 overexpression on IE ( Figure 6G and 6I) , 485
suggesting that NF-κB plays an important role in this pathway. Finally, we infected IFI16-486 overeexpressing cells with HCMV that lacks NF-κB sites within the MIEP 52 to check whether IFI16 487 exerts its effects via direct binding of NF-κB to the MIEP. In this case, IFI16 overexpression failed to 488 induce IE gene expression, unlike IFI16 cells infected with the revertant strain ( Figure 6H and 6I) . 489
Taken together, our data are consistent with the view that IFI16 activates IE gene expression in early 490 myeloid lineage cells by allowing NF-κB to bind at the MIEP. 491
Discussion
492
The viral GPCR US28 is expressed during both lytic and latent infection of HCMV. While US28 is 493 dispensable for lytic replication in vitro 76, 77 , it is essential for the establishment and maintenance of 494 HCMV latency in early myeloid lineage cells 19, 21, 23, 25 . This is attributable, in part, to the ability of 495 US28 to suppress the major immediate early promoter; a US28 function specific for undifferentiated 496 myeloid cells 18,21,23,25 . 497 We hypothesised that this ability of US28 to so profoundly regulate viral IE gene expression in 498 undifferentiated myeloid cells was likely via US28-mediated modulation of host protein abundance 499 and, therefore, we wanted to determine whether such US28-driven changes could be important for 500 the establishment or maintenance of HCMV latency. While previous work has used targeted arrays 501 to assess US28-mediated effects on myeloid cells 21,23,25 ; here we have used an unbiased proteomic 502 screen to understand how US28 reprograms host cells in order to support latent infection. Our 503 screen compared host protein abundance in control THP-1 cells or THP-1 cells which express either 504 WT-US28 or the US28 signalling mutant, US28-R129A. As such, we could assess the signalling-505 dependent and signalling-independent effects of US28. We then chose to focus on signalling-506 dependent changes because G protein coupling via the residue R129A is essential for experimental 507 latency 21, 25 . However, we predict that some of the signalling-independent changes driven by US28 508 could also be important for HCMV latency, since these changes included alterations in several cell-509 surface molecules such as co-stimulatory molecule CD82, adhesion molecule CD44, and in receptor 510 tyrosine kinase FLT3. The latter two cellular factors are implicated in myeloid cell differentiation, 511 which is intimately linked with HCMV latency and reactivation 18, 72, [78] [79] [80] . As such, modulating these 512 cell-surface molecules could help to control interactions with immune effectors and cellular 513 differentiation-linked reactivation. 514
By looking at changes in host protein abundance between US28-WT and US28-R129A expressing 515 THP-1 cells, we found a number of significant changes in the host proteome which likely result 516 specifically from US28 signalling. Interestingly, we found US28-WT downregulated a large number of 517 interferon-inducible proteins, including canonical interferon-stimulated genes (ISGs) like OAS2 and 518 IFITM3, as well as MNDA, IFI16, and several HLA-DR components. We found that levels of both total 519 STAT1 and phosphorylated STAT1 were reduced in US28-WT expressing cells, a mechanism that may 520 act in synergy with the US28-mediated attenuation of c-fos to downregulate interferon-inducible 521 genes 25, 61 . Modulation of interferon signalling has not previously been reported for US28, but in the 522 context of the latently infected monocyte, a general block in downstream interferon signalling may 523 be important for maintaining the polarisation of the monocyte 81,82 , or perhaps to avoid the anti-viral 524 activities of ISGs. We believe these questions merit further interrogation. 525
We chose to focus on the two PYHIN proteins and the set of HLA-DR components which are 526 downregulated by US28. We confirmed downregulation of IFI16, MNDA, and HLA-DR in THP-1 cells 527 which overexpress US28 and recapitulated these effects in experimental latency in primary CD14 + 528 monocytes. HLA-DR was previously reported to be downregulated during experimental latency in 529 granulocyte-macrophage progenitor cells, which prevents CD4 + T cell recognition and activation 530 41, 83, 84 . Whilst this down-regulation of MHC Class II involved the expression of the latency-associated 531 gene UL111A 41 , our data argue that viral US28 could also contribute to this phenotype. Little is 532 known about the function of MNDA, a myeloid specific PYHIN protein implicated in neutrophil cell 533 death 85 and monocyte transcriptional networks 86 . Ongoing work in our laboratory aims to identify 534 whether US28-mediated downregulation of MNDA during latent infection could benefit latent 535 carriage and/or reactivation. 536
Our results clearly characterised a rapid downregulation of IFI16 during the establishment of latency 537 in monocytes, which occurred within the first 24h of infection and was also maintained during long 538 term latency in monocytes and CD34 + HPCs. The early downregulation of IFI16 was clearly US28-539 dependent as ΔUS28 virus failed to display immediate IFI16 down-regulation. However, we did 540 observe a partial downregulation of IFI16 in ΔUS28-infected monocytes at later time points of 541 infection. We think it likely that this involves an unidentified lytic-phase viral gene product, which 542 may be required for overcoming the known IFI16-mediated restriction of HCMV lytic infection 543 30, 34, 36, 37 and occurs as a result of ΔUS28 virus initiating a lytic infection in undifferentiated 544
monocytes. 545
Our observation that the US28-dependent downregulation of IFI16 occurred rapidly (within 24h of 546 infection) may, in part, be attributable to incoming US28 which is functional 25 . IFI16 protein has a 547 short half-life of approximately 150 minutes in fibroblasts 87 and therefore, incoming US28 protein 548 may rapidly target IFI16 transcription in latently infected monocytes, as it does in US28-expressing 549 THP-1 cells, resulting in loss of IFI16 within 24 hours of infection; this is then maintained by 550 subsequent latency-associated de novo US28 expression. 551
We found that preventing IFI16 expression has a clear benefit to the establishment of HCMV latency. 552
This contrasts with previous analyses of latency in other viral systems, where IFI16 expression is 553 necessary to repress lytic viral transcription 39, 40 . In our study, IFI16 overexpression activated MIEP 554 activity in the absence of additional viral proteins, and, furthermore, IFI16 overexpression increased 555 IE positive nuclei in latently infected THP-1 cells. IFI16 activates the MIEP during lytic infection 32,34 , 556 though in these cases an additional viral gene product, UL83, is thought to be required. Our results 557 suggest that UL83 is not required for IFI16-mediated activation of the MIEP in undifferentiated 558 myeloid cells, and suggest that IFI16 activates NF-κB to achieve this, as use of either an NF-κB 559 pathway inhibitor or deletion of NF-κB binding sites from the MIEP prevented IFI16-mediated IE 560 expression. We believe this provides one mechanism by which US28 blocks NF-κB activity early 561 during latency, a phenomenon we previously showed to be important for the establishment of 562 latency in myeloid cells 21 . 563
Taken together, our results suggest that one of the early events in the establishment of latency in 564 CD14 + monocytes is the US28-mediated targeting of interferon responsive genes, including the 565 downregulation of IFI16, which serves to support the repression of the MIEP. 566 gene in down-regulating CD4+ T-cell recognition of latently infected cells: implications for 709 virus elimination during latency. Blood. 2009; 114(19):4128-4137. doi:10.1182 /blood-2008 42.
Van US28-R129A were assessed by western blot for phospho-STAT1 (Tyr701), total STAT1, and beta-actin 872 (loading control). F and G) Quantification of STAT1 and phospho-STAT1 band intensity from two 873 western blots from two independent samples of transduced THP-1 cells. F) Quantification of the 874 indicated protein levels normalised to actin. G) Quantification of phospho-STAT1 levels relative to 875 total STAT1. 876 experimental latency using TB40/Egfp virus. CD14 + Monocytes were infected and allowed to 905 establish latency for 4 days (left panel, 10X magnification). Citrate wash buffer was used to remove 906 externally bound virions. These latently infected cells were cultured -/+PMA for 3 days, and at 7 907 d.p.i, Hff-1 cells were added to the culture to demonstrate production of infectious virions. Transfer 908 of virus to Hff-1 was monitored by fluorescence microscopy up to 13 d.p.i., and infected Hff-1 foci 909 were counted and summed across the experiment (three wells of CD14 + monocytes per condition, 910 graphed). C) CD14 + monocytes infected with TB40/Egfp stained by immunofluorescence for IFI16 at 911 24, 48, and 72 h.p.i. and imaged as before using 60X magnification. D) Quantification of IFI16 912 positive and negative monocytes in the uninfected and infected populations from two donors per 913 time point. Raw numbers of cells are indicated in white text. Fisher's exact test indicates a 914 statistically significant difference between uninfected and infected populations for each time point 915 (P<0.0001). E) CD14 + monocytes infected with TB40/Egfp were stained by immunofluorescence for 916 MNDA at the indicated times and imaged as before using 60X magnification. F) Quantification of the 917 signal intensity from infected monocytes at the indicated time points (n=9,7,10, respectively). MNDA 918 signal intensity in each nucleus was normalised to the average of uninfected monocytes from each 919 field of view. A t-test with Welch's correction was used to determine statistical significance. ns, not 920 significant, *P<0.05, **P<0.01 G) CD14 + monocytes infected with TB40/Egfp (+/-UV inactivation) 921
were analysed for HLA-ABC and HLA-DR expression at three d.p.i. by flow cytometry. The gating 922 strategy for identifying infected cells (GFP + ) is shown. H) Histogram showing HLA-ABC and HLA-DR 923 staining in HCMV-uninfected GFP-negative (grey) monocytes, and latently infected GFP positive 924 (green) monocytes. 925 were transferred to Hff1 cells (middle brightfield and lower mCherry panels) and formation of 931 plaques was monitored and imaged at 20X magnification. B) Detection of US28-3XFLAG during the 932 establishment of latency in CD14 + monocytes. At 2 d.p.i. US28-3xF or ΔUS28-infected CD14 + 933 monocytes were fixed and stained by immunofluorescence for US28-3XFLAG using an anti-FLAG 934 antibody and imaged at 40X magnification. C) US28-3xF and ΔUS28-infected monocytes were 935 stained by immunofluorescence for IFI16 at the indicated times and imaged using 40X magnification. 936
White arrows indicate corresponding cells. D and E) IFI16 signal intensity in each nucleus was 937 normalised to the average of the uninfected cells in a field of view. The results of three fields of view 938 were then averaged to derive the resulting average signal intensities for each subpopulation of 939 monocytes at the indicated time points infected with US28-3xF or ΔUS28 HCMV. Statistical 940 significance was determined using one-way ANOVA. *** indicates P<0.001, ** indicates P<0.01, and 941 * indicates P<0.05. 942 Figure 5 : IFI16 downregulation is maintained during long term latency of 943 undifferentiated monocytes and CD34 + progenitor cells.
944
A) US28 expressing and empty vector THP-1 cells were either left untreated or treated with PMA for 945 48 hours before cell lysates were harvested. These lysates were then subject to western blotting for 946 IFI16 and actin as a loading control, with molecular weight markers annotated. B) At 48 h.p.i, either 947 undifferentiated CD14 + monocytes, or monocytes pre-differentiated for 7 days with GM-CSF/IL-948 4/LPS, were fixed and stained for IFI16 and imaged as before at 40X magnification. White arrows 949 indicate corresponding infected cells. C) CD14+ monocytes were infected with HCMV 950 GATA2mCherry, or left uninfected. At the indicated times, cells were fixed and stained for IFI16 or 951 MNDA and imaged as before. D) Primary CD34 + hematopoietic progenitor cells from two donors, or 952
Kasumi-3 cells, were infected infected with HCMV GATA2mCherry, or left uninfected. At the 953 indicated times, cells were fixed and stained for IFI16 and imaged as before. E) Quantification of at 954 least 3 fields of view from D), presented as the proportion of cells with low IFI16 expression in the 955 infected, mCherry positive and uninfected, mCherry negative populations. Statistical analysis was performed by Fischer's Exact test on the total number of cells in each 957 category. **** indicates P<0.0001, *** indicates P<0.001, ** indicates P<0.01. 958 Figure 6 : Overexpression of IFI16 in monocytic cells leads to MIEP activation and IE 959 gene expression via NF-κB 960 A) THP-1 cells were transduced with empty vector (EV) or IFI16-overexpression lentiviruses and 961 following blasticidin selection, IFI16 overexpression was confirmed by western blot. Actin is shown 962 as a loading control. B and C) Empty vector or IFI16-overexpressing cells (from A) were infected with 963 TB40/E IE2-eYFP virus, and IE2-eYFP positive nuclei were imaged and counted by fluorescence 964 microscopy. C) Cumulative results from five paired experiments, which were analysed by paired two-965 tailed Student's t-test; * P<0.05. D) EV and IFI16 lentivirus concentration was determined by p24 966 ELISA (data not shown) and 15 ng p24 equivalents of each lentivirus was used to transduce MIEP-967 eGFP THP-1 cells. Cells were maintained for two weeks in culture, and IFI16 overexpression was 968 validated by immunofluorescence. E) Left hand comparison: cells described in (D) were assessed for 969 eGFP fluorescence by flow cytometry. Right hand comparison: non-transduced MIEP-eGFP 970 expressing cells were incubated with supernatants from cells described in (A) for two days. eGFP 971 expression was quantified by flow cytometry. A statistical comparison of the median fluorescence 972 intensity was performed using two-tailed Mann-Whitney test; ns, not significant and * P<0.05. F) 973
Empty vector or IFI16-overexpressing cells were fixed and stained for NF-κB, with Hoechst as a 974 nuclear stain, at 40X magnification to assess levels of nuclear NF-κB. G) Empty vector or IFI16-975 overexpressing cells were infected with TB40/E IE2-eYFP virus in the presence of the IKKα inhibitor 976 BAY11-7082 which inhibits the NF-κB pathway, or DMSO as a control. IE2-eYFP positive nuclei were 977 imaged and counted by fluorescence microscopy at 48 hours post infection. H) Empty vector or 978 IFI16-overexpressing cells were infected with a revertant WT-like TB40/E at MOI 3, TB40/E with NF-979 κB binding sites deleted from the MIEP (ΔNF-κB) at MOI 3 or MOI 15. At 48 h.p.i., cells were fixed 980 and stained for IE and the number of IE positive nuclei were counted. Graph shows the results of 981 three experiments and statistical analysis by 2-way ANOVA using Sidak's multiple comparison test. 982 ** P<0.01, ns, P > 0.05. I) Empty vector or IFI16-overexpressing cells were infected as per F) and H) at 983 MOI 3, but cells were instead analysed for IE72 expression by RT-qPCR. PCR products were then run 984 on a 2% (upper panel, IE72) or 1.2% (lower panel, GAPDH) agarose gel. UI refers to uninfected cells, 985 DMSO is the solvent control, BAY refers to BAY11-7082, Rev refers to the revertant TB40/E and ΔNF-986 κB to the NF-κB binding site mutant virus. The positive control (+ve ctrl) was HCMV-infected PMA-987 differentiated monocytes. Molecular weight markers (M) are annotated. 988 989 Figure S1 . US28 expression induces IFN-inducible genes, but not ER stress-related 990 genes 991 A) Changes in interferon inducible genes identified in Figure 1D , and other canonical ISGs, in US28-992 WT with respect to US28-R129A. Green bars indicate changes with a q value of <0.001. D) Heat map 993 of the changes in canonical ER stress-related genes induced by US28-WT or US28-R129A expression 994 as per the proteomic screens in Figure 1A , B, C. HUGO gene symbols are listed followed by a 995 common gene name, if applicable. An outgroup of genes that are regulated by US28 (IFI16, MNDA, 996 FLT3) is included for comparison. 997 Figure S2 . US28-expressing cell lines downregulate IFI16, MNDA, and HLA-DR 998 A) Empty vector, US28-WT and US28-R129A-expressing THP-1 cells were regenerated in 999 independent transductions using the same expression vectors as used for the proteomic screen 1000 
